Abstract: Diabetes mellitus is associated with hyperglycemia, lipoprotein abnormalities and various organs dysfunctions. Stem cell therapy offers a great promise for the repair of injured tissues and organs. The aim of this study was to explore the effects of mesenchymal stem cell derived from bone marrow of albino rats on hyperglycemia, hypoinsulinemia, dyslipidemia and liver and kidney dysfunctions in STZ diabetic rats. Rat bone marrow mesenchymal stem cells (BM-MSCs) were isolated, cultured, characterized and finally injected intravenously (2 × 10 6 , via tail vein) into STZ-induced diabetic rats. The other diabetic (STZ) rats received no treatment. The diabetic (STZ) rats showed significant (P<0.05) increase in serum glucose, HbA1c, insulin resistance (IR), total cholesterol, TGs, LDL-C, VLDL-C levels and a significant decrease of serum insulin, HDL-C levels as compared to their corresponding control. Also, higher levels of liver function tests (ALT, AST & ALP) as well as kidney function tests (urea, uric acid and creatinine) were noticed in diabetic rats when compared to control group. Treatment of diabetic rats with MSCs significantly prevented these alterations. These data indicate the efficacy of MSCs transplantation in improving hyperglycemia, dyslipidemia, liver and kidney functions in diabetes mellitus. Further work is required to examine the curative effects on larger animal models and humans.
Introduction
Diabetes mellitus (DM) is the fourth or fifth cause of death in most countries. Each year, diabetes affects more people and causes more deaths than breast cancer and AIDS combined. In 2013, it was estimated that almost 382 million people world wide suffer from diabetes and the number is expected to grow beyond 592 million by 2035 [1] .
Streptozotocin (STZ) is one of the animal models that mimic Type I DM in human which is characterized by hyperglycemia, alteration in carbohydrate and lipid metabolism as well as hypoinsulinemia due to marked defect in beta-cell mass causing insufficient insulin secretion [2] .
Currently, there is no permanent cure for diabetes. People with type 1 diabetes must take insulin several times a day and test their blood glucose concentration three to four times a day [3] . However, there is a considerable success in insulin independency of diabetic patient after transplantation of whole pancreas or the islet cells. The transplantation strategy of treatment is greatly limited because human cadaver pancreases as well as pancreatic islet for transplantation will never be sufficient source for the replacement therapy for the millions of patients who suffer from this disease [4] . These highlight the need for new sources of islet cells. Stem cell transplantation represents one of the promising beta-cell replacement therapy [5] .
The bone marrow in addition to haemopoietic stem cells comprises a population of mesenchymal stem cells, these cells exhibit multilineage differentiation capacity [6] . By using MSCs, we are thus using the "mother cell" from which pancreas and other tissues were originally derived [7] , [8] . MSCs have several characteristics distinguish them from other cell types. First, they are undifferentiated cells that renew themselves for long periods through cell division, resulting in considerable amplification of stem cell number. Second, under certain physiologic or experimental conditions, they can be induced to become cells with special functions as pancreatic cells, cardiomyocyte, hepatocytes,..etc. Also, they have the ability to home to injured tissue causing tissue regeneration [9] , [10] .
To investigate the possible therapeutic effects of MSCs infusion in diabetic rats, we induced type 1 diabetes in rats by STZ injection and then measured the effect of single intravenous injection of MSCs on carbohydrate metabolism parameters, lipid profile, and liver and kidney function tests.
Materials and Methods

Experimental Animals
The experiment was carried out on 30 adult healthy female rats weighing 190 ± 20 g and 10 young (6-7) weeks -old albino rats from which bone marrow mesenchymal stem cell (MSCs) were isolated. Animal were purchased from the animal house of the faculty of Medicine Mansoura University. The animals were housed in standard stainless steel cages at room temperature 25-28ﾟ C, humidity of (50-60%) and maintained at 12 hrs alternating day and night cycle. The rats were fed standard diet and had free access to water. The rats were acclimatized to their housing and feeding for two weeks before the start of the experiment. The local committee approved the design of the experiments and Licensed Under Creative Commons Attribution CC BY the protocols were carried out according to the guidelines of the National Institutes of Health (NIH).
Induction of Diabetes
DM was induced in 20 female rats by a single intraperitoneal injection of freshly prepared STZ (Sigma-Aldrich Chemical Company, St. Louis, Mo, USA)) supplied in powder form dissolved in citrate buffer (10 ml distilled water + 100 mg citric acid + 180 mg sodium citrate) in a dose of 65mg/kg . After 72 hours non-fasting blood glucose were measured to ensure the occurrence of DM. Rats with non-fasting blood glucose level more than 300 mg/dl were considered diabetes and were used in this study [11] .
Preparation of Complete Culture Medium
To prepare the complete cultured medium, 10% of fetal bovine serum (Sigma-Aldrich CO., Germany) and 1% Penicillin-Streptomycin solution (Sigma-Aldrich CO., Germany) were added to 89 %Dulbecco's modified Eagle's medium ((Sigma-Aldrich CO., Germany) [12] .
Isolation and Expansion of Rat Bone Marrow MSCs
Under sterile condition, bone marrow (BM) was collected by flushing the tibiae and femurs of 10 young (6-7) weeks -old albino rats with the previously prepared complete culture medium. Nucleated cells were isolated with a density gradient (Ficoll-Paque, Pharmacia) and resuspended in complete culture media. The cells were incubated in a standard CO2 incubator (SHEL-LAB CO2 Incubator) at 37 ºC in 5% humidified CO2 for 12-14 days as primary culture.
Once the cells became confluent, they were washed twice with phosphate-buffered saline (PBS), and the cells then were trypsinized with 2.5 ml of Trypsin-EDTA (purchased from Lonza Company) for 1-2 min at 37 ºC. Then 10 ml of complete culture medium was added to stop the action of Trypsin-EDTA. After centrifugation, the cells were resuspend in complete culture medium an incubated in 75-cm2 tissue culture flasks (purchased from NUNC Company) for a further days, to reach 80-90% confluence. The resulting cultures were named first passage cultures. This step was repeated for a second passage. [13] , [14] . Cell count and viability was determined using Neubauer improved hemocytometer and trypan blue [15] .
Morphological Characterization of MSCs
Daily examination of the cultured cell was done during primary culture and the subsequent passages using inverted microscope (OLYMPUS-CKX41) [16] . On day 2 of the first passage, one of the incubated tissue culture flask was taken to apply giemsa stain (purchased from Biodiagnostic, Egypt) on its adherent cells according to Wang et al. [17] . Photographs were then taken by using the inverted microscope. The cells then had the appearance of fibroblast cells.
Phenotyping Characterization of MSCs
To ensure the exclusion of BM-hematopoietic stem cells and purity of BM-MSCs before being injected into diabetic rats, cells at passage 3 were trypsinized, centrifuged at 300g for 8 minutes and resuspended in PBS at a concentration of 1 × 106 cells/ml. 100 μL aliquots were labeled (30mins) with antibodies against CD44, CD105, CD34 and CD31 phycoerythrin (PE) (supplied from Becton-Dickinson, USA), washed with 2 ml of flow cytometry staining buffer (BD Pharmingen, USA), resuspended in 200 μL of flow cytometry staining buffer for flow cytometric analysis using Flow cytometer (FACS Calibur, Becton Dickinson, USA) using using FACS calibur software [18] , [19] .
BM-MSCs Injection and Experimental Design
Rats will divide randomly into three groups of 10 each as follows: MSCs suspended into 0.2 mL physiological saline for each rat [20] , for one time [21] . Similarly, for the control group and diabetic group, 0.2 mL of physiological saline was injected instead of MSCs.
After 15 days of stem cell infusion, rats were fasted for 12 h before being scarified then blood was collected for the determination of various biochemical parameters in the serum.
Preparation of Serum
The blood is collected into plain centrifuge tubes, then the blood was allowed to clot and the serum was separated from blood cells by centrifugation at 8000 rpm for 5 min at 4C. The serum were separated and stored at -20C prior to biochemical analysis for determination of serum glucose, serum insulin, serum HbA1c, lipid profile (TC, TG, HDL-C, LDL-C and VLDL-C), liver function tests (Serum ALT, AST & ALP) and kidney function tests (Serum urea, uric acid and creatinine).
Carbohydrate Metabolism Indicators Measurement
Serum glucose level was estimated using commercially available kit (Glucose enzymatic colorimetric method, Biolabo, France) [22] . Glycated hemoglobin level (HbA1c) was assayed using kit purchased from Stanbio, U.S.A. according to the method of Klenk [23] . Insulin was assayed in serum samples by a solid phase enzyme-linked immunosorbent assay (ELISA) kit supplied by Biosource, Europe, was used according to the principles of method described by Frier et al. [24] . According to the homeostasis model assessment (HOMA-index), insulin resistance ( 
Lipid Profile Measurement
Serum TC and TGs level was measured by the colorimetric enzymatic assay using commercially available kits (Biolabo) France according to the methods introduced by Roeschlau et al. [26] and Polheim et al. [27] , respectively. While, serum level of HDL-C was determined Using commercially available kit (Biolabo) France, according to method described by Rainwater et al. [28] for separation of HDL. The level of LDL-C was calculated from the equation LDLCholesterol level = Total cholesterol -HDL -(Serum Triglyceride / 5), whereas, the level of VLDL-C was calculated according to the following equation VLDLCholesterol level= Serum triglycerides (TGs) /5 [29] .
Liver Function Measurement
Liver function was assessed by measurement of enzymatic activities of alanine transaminase (ALT) and aspartate transaminase (AST) according to the method of Reitman and Frankel [30] , whereas serum alkaline phosphatase activity was measured according to Mathieu [31] .
Kidney Function Measurement
Renal function was assessed by measurement of serum level of urea, uric acid and creatinine according to the methods of Young [32] , Fossati et al. [33] and Henry [34] , respectively.
Statistical Analysis
The values were expressed as mean ± standard error (SE). The result were computed statistically using statistical Package for Social sciences (SPSS software package, version 19, Chicago, IL, USA) using one-way analysis of variance (ANOVA). P < 0.05 was considered as significant.
Results
Morphological and Phenotyping Characterization of MSCs
Isolated and cultured undifferentiated rat BM-derived MSCs reached 90% confluence at day 14 of primary culture showed purified population of spindle shaped cell that tightly adherent to the culture flask ( Figure 1) . Staining of cultured cell on day 2 of the first passage by giemsa stain showed 50% confluent cells interconnected together with cytoplasmic process. Notice the cultured cells having bluish granular cytoplasm and vesicular nuclei. Some cells appear binucleated (Figure 2, 3 ).
In addition to characterization of the cultured cell as being MSCs by their morphology and adherence, they were characterized also by flow cytometric analysis which showed that these cells were positive for MSCs markers CD44 and CD105, while they are negative for endothelial cell marker CD31 and haematopoietic cell marker CD34 (Figure 4 A,B,C,D). 
Effects of MSCs on Carbohydrate Metabolism Indicators
In untreated diabetic (STZ) group, levels of serum glucose, glycated hemoglobin as well as insulin resistance (IR) were significantly increased when compared with that of the control value, P<0.05. However, diabetic group injected with mesenchymal stem cell (STZ+MSCs) revealed a significant decrease in levels of serum glucose, HbA1c and IR, when compared to that of untreated diabetic group, P<0.05. Regarding to serum insulin level and insulin sensitivity index (ISI), untreated diabetic (STZ) group showed significant decrease of their values when compared with that of the control value, P<0.05. However, STZ+MSCs group revealed a significant increase in serum insulin and ISI when compared to that of STZ group, P<0.05, Table 1 . 
Effects of MSCs on Lipid Profile
STZ-induced diabetic rats showed significant increase in Total cholesterol (TC), triglycerides (TGs), low density lipoprotein cholesterol (LDL-C) and very low density lipoprotein cholesterol (VLDL-C) and significant decrease high density lipoprotein colesterol (HDL-C) levels when compared to the control rats, P<0.05. MSCs treatment of STZ-induced diabetic rats improved the alteration of lipid profile of diabetic rats, Table 2 . 
Effects of MSCs on Liver Function
The results of this study showed a significant improvement in liver function. Serum alanine transaminase (ALT), aspartate transaminase (AST) alkaline phosphatase (ALP) enzymes activity were decreased in STZ+MSCs group compared to STZ group, P<0.05, Table 3 . 
Effects of MSCs on Kidney Function
MSCs infusion improved kidney function. This was evidenced by decreased urea, uric acid and creatinine in STZ+MSCs group compared to STZ group, P<0.05, Table 4 . 
Discussion
Bone marrow-derived MSCs possess considerable potential towards development of cell-based therapeutic strategies for regenerative medicine and tissue repair. Because the ease of their isolation, their multilineage potential and their extensive propagation in vitro, they are among the first stem cell types to be introduced in the clinic [35] . Licensed Under Creative Commons Attribution CC BY selective adherence to the culture surface [36] . In the present study, bone marrow derived MSCs were isolated from albino rats, cultured and characterized by their adhesiveness and spindle shape and by expressing the standard MSCs surface markers, CD44 and CD105, whereas they were negative for Hematopoietic cells and endothelial cells markers, CD34 and CD31 respectively. These were inline with other previous studies of several authors. [37] - [39] .
The direct and persistence hyperglycemia and hypoinsulinemia in rats after STZ administration is due to the uptake of STZ by pancreatic B-cells via the glucose transporter GLUT2 [40] , [41] , following which STZ induces alkylation of the DNA of pancreatic beta cell via the nitrosourea moiety of this compound. Moreover, Zafar and Naqvi [42] and Saumya and Basha [43] , reported that STZ decompose inside the cell to form carbonium ions that alkylate DNA and decrease cellular nicotinamide adenine nucleotide (NAD) level which may adversely affect beta cells by interrupting respiratory enzyme activity and alteration of their mitochondrial function leading to irreversible cellular necrosis and death of beta cells resulting in permanent hyperglucemia, this changes lead to suppression and disturbance of biosynthesis and insulin secretion. Moreover, Cemek et al. [44] also found that hyperglycemia is due to irreversible destruction of beta islet cells of the pancreas by STZ, causing a reduction of insulin secretion (hypoinsulinemia).
Our study also showed increased insulin resistance (IR) in diabetic (STZ) rats. Several other studies support the present finding that IR and Beta-cell dysfunction together underlie the development of diabetes [45] , [46] . Glycated hemoglobin is produced by non-enzymatic condensation of glucose molecules with free amino acids on the globin component of hemoglobin. The higher level of glucose level lead to elevation in HbA1c [47] . Several reports indicated that the measurement of glucosylated derivatives of hemoglobin in blood provides a good indication of the efficacy of diabetic control [48] , [49] The clinical improvement and the antidiabetic effect of bone marrow mesenchymal stem cells detected in STZ + MSCs treated group compared to the diabetic (STZ) group was also reported by Lv et al. [50] who investigated the antidiabetic effect of the transplanted bone marrow mononuclear cells, and found that the blood glucose levels improved after 6 days of the transplantation due to regeneration and proliferation of new β-cells. While hess et al. [51] reported marked reduction of serum glucose occur as early as 4 days after transplantation of bone marrow derived cells into STZtreated mice due to stimulation of endogenous cells to proliferate and produce insulin. In accordance with our study, some evidences reported that single infusion of MSCs decrease blood glucose in STZ diabetic rats [52] , [53] . Dong et al. [52] reported that MSCs homed to pancreas of recipient rats and transdifferentiated into insulin-producing cells.
The present results revealed significant increase of serum TC, TGs, LDL-C and VLDL-C. While the HDL-C (good cholesterol) showed a significant decrease in diabetic (STZ) rats in compared with control rats. These results are also agreement with komolafe et al. [54] and Radhika et al. [55] . They reported that hyperlipidemia is a recognized complication of DM characterized by increased levels of TC, TGs and phospholipids; and changes in lipoprotein composition. The pathogenesis of lipid metabolic disturbance is demonstrated on the base of deficiency of insulin or inadequate insulin efficiency through elevated free fatty acids (FFAs) mobilization from adipose tissue and secondary elevation of the FFAs level in the blood, through an increase in the conversation of FFAs to ketone bodies or through their incorporation into liver triglyceride and VLDL-C, and through diminished lipogenesis.
The current study, also showed the therapeutic effect of stem cell on dyslipidemic changes in STZ induced diabetic rats as evaluated by significant reduction of serum levels of TC, TGs, LDL-C , VLDL-C and significant increase level of HDL-C of STZ + MSCs group in compared with that of diabetic (STZ) group. In agreement with El-Tantawy, and Halem, [21] , they found that treatment of type 1 diabetic rats with MSCs normalized lipid profile pattern.
Several workers have reported that STZ-induced diabetes mellitus and insulin deficiency lead to increased blood glucose and association between specific diabetic complications and disturbances in various tissues, such as liver dysfunction, diabetic nephropathy and cardiovascular diseases. Enzyme activities in the serum or tissues are often used as 'marker' to ascertain early toxic effects of administered foreign compounds to experimental animals [56] . ALP is a membrane bound enzyme while ALT and AST are cytosolic enzymes. These enzymes are highly concentrated in the liver and kidney and are only found in the serum in significant quantities when the cell membrane becomes leaky and even completely ruptured. A rise in serum level or decrease in tissue level of these intracellular enzymes is an index of damage to liver and kidney cells [57] , [58] . Besides, the kidneys maintain optimum chemical composition of body fluids by acidification of urine and removal of metabolite wastes such as urea, uric acid and creatinine. In renal disease, the concentrations of these metabolites increase in blood [59] .
Regarding liver dysfunction, the STZ-induced diabetic rat in our study developed symptoms of liver dysfunctions, as shown by elevated serum ALT, AST and ALP enzymes levels. This may be due to STZ impairs liver function, thus leading to leakage of these enzymes in the blood by STZ due to prevention of DNA synthesis in mammalian cells and prevents cellular reproduction by inhibiting the substrate binding to the DNA or inhibiting many of the enzymes involved in DNA synthesis [60] . Waer and Helmy [61] revealed that, diabetic hepatic injuries results from several agents and is not controllable only via inhibition of hyperglycemia. As Liver is one of the most important organs that maintains blood glucose levels within normal limits thus enhancement of blood sugar yield to imbalance of oxidationreduction reactions in hepatocytes, so that, hyperglycemia through increasing in advanced glycation end products (AGEs) facilities free radicals production via disturbance in Licensed Under Creative Commons Attribution CC BY ROS production. Recent studies showed the effect of oxidative stress in liver during DM, in both humans and rodents. Increased ROS generation in the liver of diabetic individuals has been involved in the progression of nonalcoholic fatty liver disease (NAFLD). As increased ROS levels are related to morphological changes in hepatocytes and liver DNA damage [62] , [63] .
Diabetic nephropathy (DN), one of the most serious micro vascular complications of diabetes, is a major cause of end stage renal disease that is reflected by proteinuria, decreased creatinine clearance, elevated urea, uric acid and creatinine levels [64] , [65] . In the present study the STZ induced diabetic rats developed symptoms of renal dysfunction, as shown by elevated serum urea, uric acid and creatinine concentrations. Patel et al. [66] and Erejuwa et al. [67] suggested that DM leads to an elevation in the oxidative damage, considerable injury in the glomeruli, a marked increase in the protein glycosylation, disorders in matrix protein synthesis and increase in treansforming growth factors-beta (TGF-β). Mir et al. [68] postulated that the change changes in serum urea and creatinine of STZ diabetic animals could be attributed to the functional and/or morphological changes in the kidneys. Patel et al. [66] also explained the increased level of both serum urea and creatinie were due to hyperglycemia that causes osmotic diuresis and depletion of extracellular fluid volume. Furthermore, Sriram and Subramanian [49] showed that the impaired balance of nitrogen coupled with lowered protein synthesis leads to increased concentration of urea in blood. Also, diabetic oxidative stress induces elevation of the levels of urea and creatinine, which are considered as a significant markers of renal dysfunction.
Our result showed that administration of BM-MSCs in diabetic rats showed a significant improvement of their liver function tests (ALT, AST & ALP) and kidney function tests (Urea, Uric acid & Creatinine) in compared to diabetic group and this may be due to homing of MSCs to injured tissue causing its regeneration by its direct differentiation ability or by the paracrine factors released by MSCs exhibit protective organ-actions [69] - [71] .
In agreement of our study, the result of Abdel Aziz et al. [72] (2014) showed a significant improvement in kidney function (serum urea and creatinine) in the diabetic nephropathy (DN) group treated intravenously with single dose of 10 6 MSCs per rat compared to DN group. They referred this improvement in kidney function in MSCs treated group to their paracrine action via different growth factors such as VEGF, TGF-β and TNF-α and antiapoptotic effects via Bax and Bcl2 genes.
In conclusion, our results revealed that rat BM-MSCs have the capacity to differentiate into functional insulin producing cells which can be a source for cell therapy for DM. Furthermore, BM-MSCs are capable of improving dyslipidemia, liver and kidney function in diabetic rat. This may be helpful in the prevention of complications associated with DM. However, because our study is an animal study, these findings must be confirmed after further study, such as clinical trial, on human subject. 
